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In  this  paper  the  results  of  an  experimental  study  on  LiAlH4  (lithium  alanate)  as  hydrogen  source  for  fuel 
cell  propulsion  systems  are  reported.  The  compound  examined  in  this  work  was  selected  as  reference 
material  for  light  metal  hydrides,  because  of  its  high  hydrogen  content  (10.5  wt.%)  and  interesting  des¬ 
orption  kinetic  properties  at  moderate  temperatures.  Thermal  dynamic  and  kinetic  of  hydrogen  release 
from  this  hydride  were  investigated  using  a  fixed  bed  reactor  to  evaluate  the  effect  of  heating  proce¬ 
dure,  carrier  gas  flow  rate  and  sample  form.  The  aim  of  this  study  was  to  characterize  the  lithium  alanate 
decomposition  through  the  reaction  steps  leading  to  the  formation  of  Li3AlH6  and  LiH.  A  hydrogen  tank 
was  designed  and  realized  to  contain  pellets  of  lithium  alanate  as  feeding  for  a  fuel  cell  propulsion  sys¬ 
tem  based  on  a  2-kW  Polymeric  Electrolyte  Fuel  Cell  (PEFC)  stack.  The  fuel  cell  system  was  integrated 
into  the  power  train  comprising  DC-DC  converter,  energy  storage  systems  and  electric  drive  for  moped 
applications  (3  kW).  The  experiments  on  the  power  train  were  conducted  on  a  test  bench  able  to  simulate 
the  vehicle  behaviour  and  road  characteristics  on  specific  driving  cycles.  In  particular  the  efficiencies  of 
individual  components  and  overall  power  train  were  analyzed  evidencing  the  energy  requirements  of  the 
hydrogen  storage  material. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Environmental  and  oil  dependence  issues  justify  the  strong 
research  interest  towards  novel  propulsion  systems  characterized 
by  low  pollutant  emissions  and  high  energy  efficiency.  In  particu¬ 
lar,  the  use  of  a  hydrogen  fuel  cell  system  as  an  energy  generator 
for  electric  power  trains  could  improve  the  performance  of  electric 
vehicles  by  incrementing  the  driving  range  without  compromis¬ 
ing  their  crucial  characteristic  of  local  zero  emissions  [1-3].  The 
possibility  to  adopt  such  innovative  electric  vehicles  would  stimu¬ 
late  in  short-medium  term  the  creation  of  the  infrastructures  for 
the  distributed  hydrogen  production  in  micro-  and  mini-plants, 
with  consequent  benefits  on  the  diffusion  of  a  public  and  private 
transportation  system  with  zero  environmental  impact. 

On  board  hydrogen  storage  is  the  main  problem  to  be  deal  with 
for  the  successful  implementation  of  fuel  cell  technology  in  the 
transportation  sector.  In  particular,  an  acceptable  on  board  storage 
device  must  be  safe,  lightweight  and  compact.  The  on  board  storage 
methods  currently  under  consideration  for  prototyping  include  the 
usage  of  (i)  high  pressure  gas,  (ii)  low  temperature  liquid,  (iii)  solid- 
state  hydride  hydrogen  tanks.  Though  gas  compression  appears  to 
be  the  simplest  way  to  store  hydrogen,  the  low  storage  mass  and 
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volume  densities,  together  with  high  energetic  costs  for  the  com¬ 
pression  step,  high  costs  of  35-70  MPa  tanks,  and  related  safety 
problems,  might  hinder  the  commercial  acceptation  of  this  method. 
On  the  other  hand,  the  relatively  large  amount  of  energy  required  by 
liquefaction,  the  necessity  for  on  board  cryogenic  systems  to  keep 
temperatures  between  20  and  30  K,  and  the  continuous  evapora¬ 
tion  of  liquid  from  the  tank,  limit  this  storage  system  for  practical 
utilizations.  An  alternative  method  with  interesting  future  per¬ 
spectives  consists  in  hydrogen  adsorption  on  solid  materials,  in 
particular  hydride  based  on  light  elements,  such  as  alkali  and 
alkaline-earth  metals.  These  materials  are  characterized  by  accept¬ 
able  storage  capability  but  poor  kinetic  properties  at  moderate 
temperature  [4].  Recently,  the  possibility  to  use  metal-doped  alu¬ 
minium  hydrides  as  potential  hydrogen  storage  material  has  been 
reported  [5-7],  but  reversibility  and  kinetic  of  the  hydrogen  adsorp¬ 
tion/desorption  cycle  are  critical  issues  to  be  carefully  considered. 
Among  lightweight  metal  hydrides  the  lithium  alanate  (LiAlH4)  is 
widely  studied  for  its  characteristics  of  significant  hydrogen  content 
(10.5  wt.%  based  on  compound  stoichiometry),  favourable  release 
kinetics  at  relatively  low  temperatures,  and  possibility  to  transform 
it  in  a  different  phase  (Li3AlH6)  [8-10],  which  still  contains  a  the¬ 
oretical  hydrogen  amount  useful  for  automotive  applications  and 
whose  decomposition  was  demonstrated  to  be  reversible  [11  ]. 

In  previous  papers  we  characterized  fuel  cell  propulsion  systems 
of  different  size  by  using  high  pressure  hydrogen  cylinders  as  fuel 
tanks  [12-15].  These  works  demonstrated  the  great  potentialities 
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of  fuel  cell  power  trains  in  terms  of  energy  efficiency  with  respect 
to  conventional  internal  combustion  engines,  and  evidenced  the 
main  issues  to  be  faced  regarding  the  energy  management  inside 
the  propulsion  system.  The  present  paper  deals  with  the  prob¬ 
lems  related  to  hydrogen  adsorption  technology  for  fuel  cell  power 
train  development.  The  lithium  alanate  (UAIH4)  was  selected  as 
reference  compound  among  light  metal  hydrides,  and  was  firstly 
investigated  analyzing  the  effect  of  thermal  management  (heating 
procedure  and  carrier  gas  flow  rate)  on  control  of  hydrogen  release, 
which  is  necessary  in  view  of  a  practical  application  of  the  hydride 
to  fuel  cell  power  trains. 

Moreover  a  specific  device  for  utilization  of  adsorbent  materials 
as  hydrogen  source  in  fuel  cell  propulsion  systems  for  road  appli¬ 
cations  was  designed  and  realized,  in  order  to  obtain  indications 
regarding  the  hybridization  strategies  to  be  adopted  as  function  of 
hydrogen  release  properties  of  the  storage  material,  and  a  first  eval¬ 
uation  of  its  impact  on  the  overall  efficiency  of  a  fuel  cell  power  train 
running  in  real  conditions  (European  driving  cycle  by  dynamic  test 
bench).  These  evaluations  were  performed  on  a  fuel  cell  power  train 
of  3  kW,  suitable  for  moped  applications  [12]. 

2.  Experimental 

The  pellet-shaped  lithium  alanate  used  in  this  work  was  pur¬ 
chased  by  Sigma-Aldrich  (about  0.5  g  each).  The  samples  were 
characterized  in  laboratory  tests  evaluating  the  hydrogen  release 
properties  as  function  of  temperature.  These  experiments  were  car¬ 
ried  out  by  using  a  fixed  bed  reactor  made  of  pyrex  glass  and  heated 
by  a  tubular  electric  furnace  equipped  with  a  temperature  con¬ 
troller  (Fig.  1 ).  The  reaction  temperature  was  measured  by  using  a  K 
type  thermocouple  inserted  axially  into  the  reactor,  while  a  nitro¬ 
gen  flow  was  adopted  as  carrier  during  hydrogen  release  tests.  The 
lithium  alanate  samples  were  loaded  in  the  reactor  in  three  forms, 
as  pellets  as  delivered  by  the  manufacturer,  as  fragment  of  an  orig¬ 
inal  pellet  and  as  powder  (<100  pan)  obtained  by  manual  pounding 
of  the  original  pellets  in  an  agate  mortar.  The  gas  pressure  inside 
the  reactor  was  measured  by  a  manometer,  and  was  maintained 
below  0.5  bar.  The  hydrogen  concentration  at  the  reactor  outlet  was 
measured  by  a  Caldos  17  ABB  on  line  analyzer  equipped  with  TCD 
detector,  while  a  mass  flow  controller  was  adopted  for  the  nitrogen 
flow  rate.  Reaction  temperature  and  hydrogen  concentration  at  the 
reactor  outlet  were  continuously  acquired  by  a  National  Instrument 
acquisition  board  managed  by  LabView  software. 

The  scheme  of  the  storage  tank  for  laboratory  tests  on  fuel 
cell  propulsion  systems  is  shown  in  Fig.  2.  The  tank  was  designed 
and  realized  for  utilization  of  different  solid  materials  as  hydrogen 
source  for  fuel  cell  systems  based  on  PEFC  stacks.  It  was  made  in 


stainless  steel  and  equipped  with  temperature  and  pressure  sen¬ 
sors.  An  electric  resistance  was  placed  coaxially  inside  the  tank  in 
order  to  supply  the  energy  necessary  to  the  hydrogen  release  from 
the  material  under  test.  This  resistance  was  controlled  by  an  exter¬ 
nal  electric  supplier.  The  volume  was  about  7  1,  sufficient  to  feed  a 
small  size  fuel  cell  propulsion  system  for  scooter  application  (about 
3  kW).  For  the  experiments  effected  with  this  device  LiAlH4  pel¬ 
lets  were  loaded  inside  the  tank,  pressurizing  the  empty  volume  by 
hydrogen  (99.999%)  at  1  relative  bar. 

The  overall  scheme  of  the  fuel  cell  system  with  the  indication 
of  the  individual  sub-systems  is  shown  in  Fig.  3.  In  this  system 
the  stack  was  equipped  with  other  auxiliaries  for  its  correct  oper¬ 
ation,  i.e.  air,  water  and  heat  management  devices  [13],  while  the 
device  shown  in  Fig.  2  is  utilized  as  hydrogen  source  for  the  stack. 
The  details  of  the  3  kW  fuel  cell  power  train  used  in  this  work  are 
reported  in  [12]. 

3.  Results  and  discussion 

The  results  of  desorption  tests  conducted  on  lithium  alanate  are 
shown  in  Figs.  4-8,  where  the  hydrogen  flow  rate  measured  at  the 
reactor  outlet  is  reported  versus  time  (test  length).  A  heating  rate  of 
2 1<  min-1  and  a  nitrogen  flow  rate  of  0.6  N1  min-1  were  used  during 
the  tests  of  Figs.  4  and  5,  where  also  the  reaction  temperature  versus 
time  is  shown.  The  experiment  of  Fig.  4  was  conducted  on  lithium 
alanate  in  the  same  form  as  provided  by  the  manufacturer  (pellet, 
12  mm  diameter,  4  mm  height,  0.55  g  weight).  The  profile  of  hydro¬ 
gen  release  rate  in  Fig.  4  shows  two  evident  peaks,  although  they  are 
not  completely  separated,  with  maximum  at  448  and  488  K,  respec¬ 
tively,  characterized  by  different  slopes  at  light  off  points  (45  and 
65  s).  The  reaction  temperature  curve  shows  a  slight  increase  with 
respect  to  the  imposed  heating  rate,  in  correspondence  of  the  first 
hydrogen  flow  rate  peak.  DTA  analysis  performed  on  Sigma-Aldrich 
lithium  alanate  in  powder  form  [8]  evidenced  that  the  endothermic 
fusion  of  the  hydride  LiAlH4  is  accompanied  by  exothermic  effects 
in  the  temperature  range  423-473  K.  On  this  base  we  can  asso¬ 
ciate  the  first  peak  observed  in  Fig.  4  with  the  exothermic  hydrogen 
release  occurring  during  the  decomposition  of  LiAlH4,  which  pro¬ 
duces  Li3AlH6  according  to  the  following  reaction: 

3LiAlH4  =  Li3AlH6  +  2A1  +  3H2  (1 ) 

The  evaluation  of  the  area  underneath  the  first  peak  of  Fig.  4 
permitted  to  determine  the  hydrogen  release  percentage  for  the 
first  reaction,  which  resulted  4.7  wt.%  as  H2 ,  in  good  agreement  with 
the  theoretical  value  (5.3  wt.%)  obtainable  from  Eq.  (1). 

Regarding  the  second  peak  observed  in  Fig.  4,  it  can  be  attributed 
to  the  endothermic  decomposition  of  Li3AlH6  [8]  according  to  the 
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Fig.  2.  Scheme  of  the  laboratory  device  for  utilization  of  light  metal  hydrides  as  fuel  source  in  a  fuel  cell  propulsion  system. 
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Fig.  3.  Scheme  of  the  fuel  cell  propulsion  system  fed  with  the  laboratory  metal  hydride  hydrogen  tank  and  coupled  to  a  dynamic  test  bench. 
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Fig.  4.  Hydrogen  release  test  on  lithium  alanate  in  pellet  form  (0.55  g).  Heating  rate: 
2  K  min-1 .  Nitrogen  flow  rate:  0.6  Nl  min-1 . 
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Fig.  5.  Hydrogen  release  test  on  lithium  alanate  in  pellet  form  (0.058  g,  a  fragment 
of  a  fresh  pellet).  Heating  rate:  2  K  min-1 .  Nitrogen  flow  rate:  0.6  Nl  min-1 . 


Reactor  temperature  /  K 


288 


P.  Corbo  et  al.  /  Journal  of  Power  Sources  193  (2009)  285-291 


Fig.  6.  Hydrogen  release  test  on  lithium  alanate  in  pellet  form  (0.55  g).  Heating  rate: 
1  Kmin-1  up  to  400  K,  average  0.25  Kmin-1  up  to  425  K,  cooling  to  room  tempera¬ 
ture.  Nitrogen  flow  rate:  1  Nlmin-1. 
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Fig.  7.  Hydrogen  release  test  on  the  same  sample  of  Fig.  6  after  reduction  to  powder 
form  (<100  |jim).  Heating  rate:  2  K  min-1 .  Nitrogen  flow  rate:  1  N1  min-1 . 


following  reaction: 

Li3AlH6  =  3LiH  +  Al  +  3/2H2  (2) 

The  integration  of  the  second  peak  in  Fig.  4  gives  a  hydrogen 
loss  of  2  wt.%,  compared  to  the  theoretical  value  obtainable  from 
reaction  (2),  which  is  2.6  wt.%  with  respect  to  the  starting  material 
(LiAlH4). 

A  further  decomposition  of  LiH  would  be  possible,  according  to 
the  following  equation: 

3  LiH  +  3A1  =  3LiAl  +  3/2H2  (3) 

However  this  reaction,  which  could  provide  an  additional  hydro¬ 
gen  contribution  of  2.6  wt.%,  was  not  considered,  as  it  occurs  at 
temperatures  too  high  for  an  automotive  application  (about  673 1<) 
[9], 


Fig.  8.  Hydrogen  release  test  on  lithium  alanate  in  powder  form  (<100  |xm,  0.058  g). 
Heating  rate:  2 Kmin-1,  nitrogen  flow  rate:  0.6 Nlmin-1.  The  hydrogen  release 
started  at  416  K. 


The  uncompleted  separation  of  the  two  peaks  in  Fig.  4,  together 
with  the  minor  quantity  of  hydrogen  released  with  respect  to  the 
theoretical  values  of  reactions  ((1)  and  (2)),  suggest  the  following 
observations:  (i)  a  fraction  of  hydrogen  associated  with  the  decom¬ 
position  of  LiAlH4  can  be  released  also  for  simple  handling  of  the 
sample  at  room  temperature  during  reactor  loading,  favoured  by 
contact  with  air,  (ii)  the  Li3AlH6  decomposition  starts  at  about 
the  same  temperature  as  the  first  reaction,  being  affected  by  the 
exothermic  effects  associated  with  the  LiAlH4  decomposition.  This 
behaviour  appears  confirmed  by  the  results  shown  in  Fig.  5,  where 
the  hydrogen  flow  rate  measured  at  the  reactor  outlet  is  reported 
versus  time  for  an  experiment  carried  out  on  a  fragment  of  a  fresh 
pellet  (0.058  g).  In  this  figure  the  two  peaks  corresponding  to  reac¬ 
tions  (1)  and  (2),  with  maximum  at  433  and  473  K,  are  completely 
separated,  and  the  hydrogen  loss  calculated  by  the  evaluation  of  the 
areas  underneath  the  peaks  resulted  3.5  and  1.4  wt.%,  respectively. 

The  best  separation  between  the  two  peaks  in  Fig.  5  can  be 
attributed  to  the  small  size  of  the  sample  (about  ten  times  lighter 
than  the  pellet  used  for  the  experiment  of  Fig.  4),  which  permitted 
a  better  heat  removal  from  the  sample  during  the  first  exother¬ 
mic  decomposition.  On  this  hypothesis,  the  second  decomposition 
started  at  the  same  temperature  as  the  first  one  (similarly  to  the 
experiment  of  Fig.  4),  but  rapidly  stopped  being  less  affected  by 
the  thermal  effects  deriving  from  reaction  (1).  When  furnace  tem¬ 
perature  increased,  the  hydrogen  release  associated  with  reaction 
(2)  appeared  as  a  neat  second  peak.  The  hydrogen  release  mea¬ 
sured  for  the  first  peak  (3.5  wt.%)  confirms  the  scarce  stability 
of  LiAlH4  already  at  room  temperature  mentioned  before,  which 
appears  favoured  also  by  the  pellet  fragmentation  effected  in  the 
presence  of  air.  The  hydrogen  released  during  the  second  decom¬ 
position  resulted  about  half  the  theoretical  value  (1.4  with  respect 
to  2.6  wt.%),  suggesting  that  part  of  hydrogen  released  by  reaction 
(2)  was  already  present  under  the  first  peak. 

The  effect  of  thermal  management  on  the  desorption  kinetic  of 
lithium  alanate  was  then  investigated  in  order  to  obtain  a  neat  sepa¬ 
ration  of  reaction  steps  ( 1 )  and  (2 ),  with  the  consequent  quantitative 
transformation  of  LiAlH4  to  Li3AlHg.  Whole  pellets  of  LiAlH4  was 
tested  adopting  the  following  procedure:  the  oven  was  heated  from 
room  temperature  up  to  about  400  K  varying  the  heating  rate  ( 1  and 
2  Kmin-1 ),  then  a  lower  and  not  constant  heating  rate  (average  of 
0.25 Kmin-1)  was  adopted  up  to  425 K  for  all  tests,  followed  by 
cooling  to  room  temperature.  These  two  heating  procedures  were 
utilized  at  three  different  nitrogen  flow  rates  (0.6, 1  and  2  N1  min-1 ), 
and  permitted  to  obtain  a  first  hydrogen  release,  whose  weight 
percentage  with  respect  to  the  initial  pellet  mass  is  reported  in 
Table  1  for  all  tests.  The  same  pellets  were  then  reduced  in  pow¬ 
der  form  (<100  |jim)  and  heated  again  from  room  temperature  to 
530 K  in  nitrogen  flow  (1  lmin-1)  at  about  2  Kmin-1,  obtaining  a 
second  hydrogen  release  (Table  1 ).  The  results  indicated  that  the 
optimal  thermal  management  can  be  realized  by  the  simultaneous 
effect  of  both  speed  of  temperature  change  and  carrier  gas  flow 
rate.  In  fact,  the  theoretical  hydrogen  release  values  corresponding 
to  Eqs.  (1)  and  (2)  could  be  obtained  only  with  the  lower  rate  in 
the  first  phase  of  heating  procedure  (1  Kmin-1)  and  with  carrier 
gas  flow  rate  value  of  1  Nlmin-1,  while  an  evident  but  not  com¬ 
plete  separation  of  the  two  release  phenomena  was  observed  with 
2  K  min-1  and  0.6  N1  min-1  of  carrier  gas.  Considering  that  the  car¬ 
rier  gas  can  act  both  as  heat  carrier  and  remover,  the  data  of  Table  1 
suggest  that  the  effect  of  heat  carrier  is  prevailing  at  higher  heating 
rate  (2  K  min-1 ),  while  at  1  K  min-1  a  compromise  between  the  two 
effects  could  be  reached. 

The  results  of  experiments  conducted  with  the  procedure  which 
permitted  the  best  separation  of  reaction  steps  (1)  and  (2)  are 
shown  in  Figs.  6  and  7  in  terms  of  hydrogen  flow  rate  measured 
at  the  reactor  outlet  versus  test  length.  Fig.  6  shows  that  the  first 
hydrogen  release  was  obtained,  with  a  maximum  at  410  K,  and  an 
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Table  1 

Hydrogen  release  values  for  two  heating  procedures  and  three  carrier  gas  flow  rates. 


N2  flow  rate  (N1  min-1 ) 

1  I<min-la  (H2  wt.%) 

2  I<min-la  (H2  wt.%) 

1st  H2  release 

2nd  H2  release 

1st  H2  release 

2nd  H2  release 

0.6 

7.3 

0.5 

4.9 

2.2 

1 

5.4 

2.5 

5.9 

1.5 

2 

7.0 

0.8 

8.1 

0.0 

a  From  room  temperature  up  to  400  K,  followed  by  the  heating  procedure  described  in  the  text. 


area  corresponding  to  the  percentage  of  hydrogen  loss  (5.4%)  prac¬ 
tically  equal  to  that  imposed  by  the  stoichiometry  of  Eq.  (1).  The 
second  hydrogen  release  profile  is  shown  in  Fig.  7,  where  a  maxi¬ 
mum  at  480  K  is  observed,  corresponding  to  2.5%  of  hydrogen  loss, 
as  required  by  Eq.  (2). 

The  lower  desorption  kinetic  of  Li3AlH6,  already  observed  in 
Fig.  4,  is  confirmed  by  comparing  the  slopes  at  the  light  off  points 
in  Figs.  6  and  7,  in  spite  of  the  powder  form  used  for  the  Li3AlH6 
sample.  On  the  other  hand,  some  literature  data  evidence  that  the 
hydrogen  release  intrinsic  kinetic  of  Eq.  (2)  is  significantly  lower 
with  respect  to  Eq.  (1),  for  which  a  strong  effect  of  grain  size  was 
observed  in  isothermal  desorption  tests  [16]. 

The  desorption  test  reported  in  Fig.  8  seems  confirm  this  hypoth¬ 
esis.  In  this  figure  the  hydrogen  release  rate  is  shown  as  function  of 
time  for  an  experiment  carried  out  on  a  sample  of  LiAlH4  in  powder 
form  (<100  |jim).  Fig.  8  shows  that  the  whole  hydrogen  release  was 
completed  after  about  25  s,  while  it  was  impossible  to  distinguish 
the  two  peaks  corresponding  to  reactions  (1)  and  (2),  but  only  a 
unique  large  and  tailed  peak  of  hydrogen  release  rate  was  detected. 
A  heating  rate  of  2  K  min-1  was  adopted  in  this  test,  the  desorption 
started  at  416  K  and  finished  before  a  different  temperature  could 
be  revealed  into  the  reactor.  This  result  evidences  that  for  the  LiAlH4 
sample  in  powder  form,  with  higher  specific  surface  with  respect  to 
pellet  samples  previously  considered,  the  hydrogen  release  due  to 
the  first  decomposition  was  extremely  fast,  in  such  a  way  to  strongly 
affect  also  the  velocity  of  the  second  decomposition,  determining 
the  partial  overlapping  of  the  two  peaks. 

The  calculation  of  the  hydrogen  released  by  integration  of  the 
area  under  the  curve  in  Fig.  8  provided  a  value  of  2.6  wt.%,  which 
could  be  mainly  attributed  to  the  decomposition  of  the  more  stable 
hydride,  Li3AlH6,  according  to  Eq.  (2).  The  sample  of  LiAlH4  was 
prepared  in  powder  form  in  the  presence  of  air,  as  for  the  tests  of 
Figs.  4  and  5,  then  the  high  hydrogen  content  corresponding  to  Eq. 
(1)  was  partially  lost  already  at  room  temperature  due  to  the  high 
reactivity  of  LiAlH4. 

In  Figs.  9  and  10  the  results  of  an  experiment  carried  out  on 
the  hydrogen  storage  tank  connected  to  the  3  kW  fuel  cell  power 


Time  /  s 

Fig.  9.  Hydrogen  release  test  on  13  g  of  lithium  alanate  in  pellet  form  loaded  in  the 
laboratory  storage  tank  coupled  to  the  fuel  cell  power  train.  Heating  rate  decreasing 
from  4  to  0.5  Kmin-1.  Initial  hydrogen  pressure:  1  bar. 


train  are  reported.  The  test  bench  was  controlled  in  order  to  exe¬ 
cute  an  European  R40  cycle  (about  200  s),  while  during  this  test  the 
valve  at  the  tank  outlet  was  maintained  open,  and  the  DC-DC  con¬ 
verter  was  controlled  in  order  to  draw  a  constant  power  from  the 
stack  (hard  hybrid  power  train  configuration  [15]).  The  tank  was 
loaded  with  25  LiAlH4  pellets  (corresponding  to  about  13  g)  and 
the  hydrogen  pressure  over  the  adsorbent  material  was  imposed 
at  about  1  relative  bar  at  room  temperature.  In  Fig.  9  the  temper¬ 
ature  and  pressure  profiles  during  the  tank  heating  are  shown,  in 
particular  the  temperature  increase  rate  was  progressively  reduced 
from  4  to  0.5  Kmin-1  at  500  and  5000 s,  respectively.  The  pressure 
profile  showed  the  expectable  increase  associated  to  the  temper¬ 
ature  variation,  while  a  very  fast  rise  (in  about  10  s)  up  to  3.6  bar 
was  observed  at  5500  s  (420  K),  due  to  the  rapid  hydrogen  release 
corresponding  to  the  total  hydrogen  loss  of  Eqs.  (1)  and  (2).  After 
some  minutes  to  stabilize  the  pressure,  the  electric  contact  between 
stack  and  DC-DC  converter  was  closed,  permitting  the  hydrogen  to 
fed  the  fuel  cells  and  stack  power  to  be  drawn  towards  the  electric 
drive  and/or  batteries.  The  decrease  of  hydrogen  pressure  observed 
between  5740  and  5970  s  (Fig.  9)  corresponded  to  the  execution  of  a 
whole  R40  driving  cycle  with  the  stack  power  fixed  at  about  300  W 
(Fig.  10).  This  value  corresponded  to  the  cycle  average  power,  and 
then  determined  a  battery  state  of  charge  at  the  end  of  the  cycle 
equal  to  that  initial.  The  final  pressure  value  inside  the  tank,  approx¬ 
imately  equal  to  that  initial,  confirmed  that  the  whole  quantity  of 
hydrogen  released  was  consumed  during  the  R40  cycle  with  the 
selected  hybrid  power  train  configuration. 

Fig.  9  shows  that  only  one  pressure  rise  was  observed  when 
the  temperature  reached  420  K,  in  spite  of  the  very  slow  heating 
procedure  (about  0.6 Kmin-1  at  the  end  of  the  test).  It  has  to  be 
considered  that  the  experiment  was  conducted  without  gas  flow 
through  the  device  but  in  hydrogen  atmosphere,  then  without  the 


5740  5840  5940 

Time  /  s 

Fig.  10.  Acquisition  of  powers  supplied  from  the  individual  components  of  the  3  kW 
fuel  cell  power  train  fed  with  the  hydrogen  released  from  lithium  alanate  in  the  lab¬ 
oratory  tank.  Hard  hybrid  configuration,  stack  power  =  cycle  average  power  (300  W). 
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heat  removal  associated  to  the  convective  flow.  This  implies  that 
the  exothermic  effects  due  to  reaction  (1)  determined  also  the 
fast  occurring  of  reaction  (2),  without  permitting  the  separation  of 
the  two  hydrogen  releases.  This  behaviour  suggests  some  consid¬ 
erations  about  the  characteristics  required  by  a  hydrogen  storage 
system  based  on  solid  adsorbents. 

For  the  vehicle  considered  in  this  work  (electric  scooter  with 
3  kW  electric  drive)  a  hydrogen  tank  of  about  7 1  is  suitable.  If  this 
tank  has  to  be  used  to  assure  a  driving  range  of  about  8  h  on  R40 
cycle,  a  quantity  of  about  1850  g  of  lithium  alanate  has  to  be  loaded 
inside  the  tank,  corresponding  to  2 1  of  volume  occupied  by  the  solid. 
With  a  fast  hydrogen  release  like  that  shown  in  Fig.  9,  which  does 
not  permit  a  gradual  fuel  release  as  a  function  of  the  power  require¬ 
ment,  a  maximum  final  pressure  value  of  about  500  bar  would  be 
reached  (calculated  for  a  free  volume  of  5 1  and  420  K).  If  the  same 
tank  of  71  was  filled  with  144  g  of  compressed  hydrogen  (corre¬ 
sponding  to  all  the  hydrogen  released  by  lithium  alanate  according 
Eqs.  (1)  and  (2)),  the  total  pressure  would  be  about  350 bar.  The 
only  possibility  to  make  the  technology  of  hydrogen  storage  on 
solid  materials  practically  convenient  is  to  increase  also  the  fuel 
volumetric  density  of  the  tank.  This  can  be  accomplished  by  the 
effective  management  of  the  hydrogen  release  rate  as  a  function  of 
stack  power  demands.  This  would  imply  the  possibility  to  main¬ 
tain  low  the  pressure  inside  the  tank,  and  finally  to  reduce  its 
volume  at  parity  of  energy  content.  The  possibility  to  control  the 
release  kinetic  of  the  storage  material  can  affect  the  hybridiza¬ 
tion  strategy  to  be  adopted  in  a  fuel  cell  power  train,  i.e.  the  ratio 
between  the  power  supplied  by  stack  to  that  delivered  by  batteries. 
In  particular,  if  the  hydrogen  release  kinetic  cannot  be  managed 
in  a  wide  range  of  power  demands,  only  a  hybrid  configuration 
characterized  by  steady  state  stack  operation  and  intervention 
of  batteries  to  satisfy  engine  dynamic  requirements  could  be 
adopted. 

The  efficiencies  of  the  power  train  components  (fuel  cell  sys¬ 
tem,  DC-DC  converter,  electric  drive)  and  of  the  overall  propulsion 
system  were  calculated  for  the  experiment  of  Fig.  10  with  the  equa¬ 
tions  reported  in  [12,15],  in  particular  the  fuel  cell  system  efficiency 
(*7fcs)  was  calculated  as  the  ratio  between  the  net  power  at  DC-DC 
converter  input  and  the  theoretical  power  associated  to  the  fuel 
entering  the  stack,  while  the  DC-DC  converter  (?7dc)  and  electrical 
drive  (?7ed)  efficiencies  were  calculated  as  ratio  between  outlet  and 
inlet  power  of  the  devices.  Then  the  total  efficiency  of  the  power 
train  (77^)  on  the  driving  cycle  was  determined  by  the  following 
equation,  assuming  battery  efficiency  of  100%  and  taking  back  the 
final  SOC  to  the  initial  level: 

7/PI  =  77Fcs^DC^ED  (4) 

The  efficiencies  of  fuel  cell  system,  DC-DC  converter  and  elec¬ 
tric  drive  resulted  47,  85  and  75%,  respectively,  while  the  total 
power  train  efficiency  reached  the  value  of  30%  (Eq.  (4)).  In  order 
to  estimate  the  impact  of  the  hydrogen  storage  technology  based 
on  adsorbent  materials  on  the  overall  power  train  efficiency,  the 
theoretical  minimum  energy  consumption  associated  to  the  heat¬ 
ing  of  lithium  alanate  from  room  temperature  to  420  K  (light  off 
temperature,  Fig.  9)  was  calculated.  The  result  implied  a  minimum 
efficiency  decrease  of  10%  with  respect  to  the  value  obtainable  with 
compressed  hydrogen  as  stack  feed  (from  30  to  27%  for  total  power 
train  efficiency).  In  this  first  estimation  the  energy  consumption 
of  the  real  adsorption  device  was  not  considered,  as  a  laboratory 
tank  was  utilized  in  this  work,  which  is  able  to  characterize  differ¬ 
ent  solid  materials  but  not  optimized  for  an  application  on  vehicles. 
Moreover,  the  possibility  of  energy  recovery  deriving  from  the  inte¬ 
gration  of  the  fuel  storage  device  with  the  warm  streams  of  the  fuel 
cell  system  was  also  neglected. 

Regarding  the  specific  properties  of  the  material  used  in  this 
paper,  it  should  be  noticed  that  the  standard  Gibbs  free  energy  at 


25  °C  for  the  UAIFI4  decomposition  to  produce  Li3 A1H6  (Eq.  (1)) 
is  AG°  =  -27.7  kj  mol-1,  which  means  that  only  kinetic  limitation 
could  hinder  that  reaction  at  room  temperature  [8].  On  the  other 
hand  a  strong  catalytic  effect  on  the  velocity  of  this  reaction  has 
been  observed  by  ball-milling  UAIFI4  with  different  substances, 
such  as  TiCl4,  TiCl3 ,  A1C13 ,  FeCl3 ,  Ti,  Fe,  Ni,  V,  carbon  black  [10,17-19]. 
This  catalytic  effect  resulted  in  a  decrease  of  decomposition  tem¬ 
perature  and  reduction  of  the  first  step  of  hydrogen  evolution.  In 
some  cases  (TiCl3  and  TiCl4)  this  reduction  was  practically  com¬ 
plete  [10,17].  The  results  reported  in  this  paper  show  that  the  first 
peak  corresponding  to  the  decomposition  of  UAIFI4  can  be  partially 
lost  also  just  handling  the  sample  in  the  presence  of  air,  and  that 
this  decomposition  is  strongly  favoured  by  increasing  the  specific 
surface  of  the  sample. 

On  the  other  hand  some  studies  performed  on  the  reversibility 
of  lithium  alanate  decomposition  [11  ]  have  demonstrated  that  LiH, 
Al  and  H2  can  be  composed  into  Li3 A1H6  at  the  presence  of  LaCl3 
catalyst,  according  to  the  reverse  of  Eq.  (2),  in  conditions  not  too  far 
from  practical  applications  (180  °C,  8  MPa,  2h),  while  no  evidence 
is  available  about  the  reversibility  of  Eq.  (1 ). 

The  US  Department  of  Energy  (DoE)  has  established  a  series 
of  targets  which  should  be  met  by  hydrogen  storage  tanks, 
if  a  hydrogen-fuelled  vehicle  must  match  the  performance  of 
hydrocarbon-fuelled  cars.  Among  these  targets  the  gravimetric 
hydrogen  density  is  considered  crucial  and  the  relative  target  of 
6wt.%  very  tough  to  meet  [20].  The  indication  we  can  draw  from 
the  above  results  is  that  LiAUT4  is  an  unsuitable  material  to  meet 
the  DoE  requirements,  but  the  practical  usage  of  Li3AlH6  decompo¬ 
sition  has  to  be  considered,  in  order  to  improve  its  reversibility  and 
kinetic  properties  by  suitable  catalysts.  On  the  other  hand  also  other 
lightweight  hydrides  characterized  by  sufficiently  high  hydrogen 
content  and  good  reversibility  properties  in  practically  acceptable 
conditions  should  be  investigated.  At  this  regard,  it  could  appear 
attractive  to  consider  the  properties  of  the  hydride  NaAlFl4,  which 
can  provide  5.5wt.%  of  hydrogen  under  reasonable  conditions,  by 
a  decomposition  reaction  that  can  be  made  reversible  thanks  to 
the  usage  of  a  catalyst  [5].  Flowever,  also  for  this  compound  the 
high  reactivity  in  the  presence  of  air  and  moisture,  especially  in  the 
presence  of  a  catalyst,  should  be  carefully  addressed  for  practical 
applications. 

The  future  work  will  be  focused  on  two  main  issues.  The  proper¬ 
ties  of  different  light  metal  hydrides,  including  Li3  AlFIg,  will  be  more 
closely  examined,  evaluating  the  possible  improvement  of  their 
characteristics  by  adding  other  elements  able  to  modify  the  adsorp¬ 
tion/desorption  cycle  kinetics.  Moreover,  the  dynamic  behaviour  of 
the  hydrogen  storage  unit  will  be  explored  in  order  to  verify  the 
design  issues  of  this  specific  component. 


4.  Conclusions 

The  potentialities  of  hydrogen  storage  technology  based  on  com¬ 
plex  light  metal  hydrides  for  automotive  application  were  discussed 
choosing  as  reference  material  LiAIFU  and  using  it  in  laboratory 
device  coupled  to  a  3  kW  fuel  cell  power  train. 

The  properties  of  lithium  alanate  as  hydrogen  source  for  PEFC 
stacks  were  firstly  investigated  in  laboratory  tests  using  a  fixed  bed 
reactor  and  nitrogen  as  carrier  gas.  The  overall  hydrogen  release 
resulted  about  8%  in  two  successive  steps  (decomposition  of  LiAIFU, 
followed  by  decomposition  of  Li3AlH6)  characterized  by  different 
kinetics,  in  the  temperature  ranges  of  400-420  and  450-470  K, 
respectively.  The  effect  of  the  heating  procedure  and  carrier  gas 
flow  rate  on  the  possibility  to  separate  the  two  phases  of  hydro¬ 
gen  release  was  studied,  in  particular  lowering  the  heating  rate 
(IK min-1)  and  adopting  the  optimal  nitrogen  flow  rate  (about 
1 1  min-1 )  a  neat  separation  between  the  two  phenomena  was 
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obtained.  The  effect  of  the  grain  size  was  also  investigated,  evi¬ 
dencing  that  only  the  kinetic  of  the  first  release  was  affected  by 
this  parameter,  being  the  LiAlH4  decomposition  characterized  by 
very  high  intrinsic  kinetic.  The  management  of  hydrogen  release 
by  Eq.  (1 )  (LiAlH4  decomposition)  resulted  hardly  obtainable,  while 
the  hydrogen  release  by  Eq.  (2)  (Li3AlH6  decomposition)  was  more 
easily  controlled. 

The  tests  effected  on  the  storage  device  coupled  to  the  fuel  cell 
power  train  evidenced  the  crucial  issue  of  the  pressure  control 
inside  the  tank,  in  particular  due  to  the  high  reactivity  of  lithium 
alanate  very  high  hydrogen  pressures  were  obtained  in  few  sec¬ 
onds,  hardly  allowing  the  control  of  release  kinetic  in  spite  of  the 
accurate  management  of  temperature  during  the  heating.  In  this 
view  the  hexahydride  phase  (Li3AlH6),  obtained  from  decomposi¬ 
tion  of  lithium  alanate,  resulted  more  promising,  due  not  only  to 
the  potentialities  regarding  the  reversibility  of  dehydrogenation, 
but  also  to  its  lower  kinetic  of  decomposition,  which  implies  the 
possibility  of  a  better  control  of  the  tank  pressure  as  function  of 
the  power  demands,  with  the  advantage  of  using  low  volumes,  and 
increasing  the  volumetric  density  of  the  device. 
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